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Dynamics of Rocky Mountain lee waves observed during

SUCCESS
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Abstract. On two days during SUCCESS, the NASA DC-8 flew
carefully designed flight tracks to sample wave clouds down-
stream of the Rocky mountains. Wave morphology was de-
duced by applying linear perturbation theory to in-situ mea-
surements of the Meteorological Measurement System (MMS)
and remotely sensed isentrope profiles of the Micro-wave
Temperature Profiler (MTP). Vertical winds from the MMS
were consistent with updraft velocities derived from air parcel
displacements estimated from the MTP. Derived wave charac-
teristics and codling rates are useful inputs to cloud micro-
physics models.

1. Introduction

Mountain waves are generated when the atmosphere is
stably stratified, winds are nearly orthogonal to the mountain
range, and wind direction is roughly constant with altitude.
Lenticular clouds are often formed in the updraft portions of
these standing gravity waves when the atmosphere is close to
saturation. A case study of stratospheric mountain waves
based on ER-2 MMS data was reported by Chan et al. (1993).

The DC-8 MMS, an aircraft-specific instrument developed
for SUCCESS (Chan et al., 1998), provides measurements of
pressure (p), temperature (T), the 3-d wind (u, v, w), aircraft at-
titude, position and velocities. The MTP is a passive radio-
meter, measuring thermal emission from oxygen molecules at
10 elevation angles. In each cycle (15 s), 30 observed bright-
ness temperatures are converted to a temperature profile, T(z),
using appropriate retrieval coefficients. T(z) profiles are used
to create cross-sections of isentrope (0) surfaces (Gary, 1989;
Denning et al., 1989). The derived profiles of static stability
are important in deducing wave behavior.

The MMS and MTP provide simultaneous sampling of
high-resolution 3-d winds and horizontal and vertical thermal
structure of waves, allowing the study of propagation charac-
teristics as determined from the combined data sets. For each
encounter, wave scale, orientation, propagation mode, vertical
displacement, and updraft velocity were determined from
MMS and MTP data. This is the first time that wave character-
istics can be deduced from a single level flight by one aircraft.

2. Analysis

Wave behavior is described by applying linear perturba-
tion theory to a set of momentum, thermodynamic and conti-
nuity equations. When applied to MMS and MTP data, many
wave characteristics (wavelength, orientation, propagation
mode, phase relationships, etc.) can be determined; we follow
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Clark and Morone (1981) for 3-d hydrostatic waves in a non-
rotating atmosphere. To allow density variation (compress-
ibility) without including sound waves, an anelastic approx-
imation is used in the continuity equation (Ogura and
Phillips, 1962). The waves examined here are hydrostatic in
nature, and do not required the non-hydrostatic assumption,
applicable to wave scales < 30 km (Klemp and Lilly, 1978).

During wave encounters, MMS data showed strong fluc-
tuations, and most organized relationships were between u
and 7. For vertically propagating waves in the troposphere
and lower stratosphere,
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where g is gravity, k the zonal wavenumber, 4 the wavenumber
vector, m the vertical wavenumber, @ the intrinsic wave fre-
quency, N the Brunt-Viisild frequency, y the ratio of specific
heats (cp/cy), H the atmospheric scale height, ', v’ and 7’ the
zonal wind, meridional wind and temperature perturbations
induced by the wave, and T the mean temperature. Under the
same conditions, for decaying waves,
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For all gravity waves in an atmosphere where the lapse
rate is positive,
’ = — lgco TI
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For deep propagating waves (A; >> H), u and T will be
aligned in phase, while for waves of intermediate depth (1, =
H), u and T will have a relationship between in phase and in
quadrature. For shallow propagating waves, the H term van-
ishes and quadrature phase is predicted. For decaying waves,
terms involving either H or 07/dz dominate the solution, As a

Figure 1. A schematic of the wind angle c, aircraft track angle
¥, and wave vector angle ¢ for an arbitrary level-flight leg.
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Figure 2. Topographic contour map (250 m contour interval)
covering a portion of New Mexico where the 960430 wave en-
counter occurred. The DC-8 flight path is outlined in black.

result, u and T are in phase regardless of the wave depth; w and
T are in quadrature phase under all circumstances.

Figure 1 shows the wind angle @, aircraft track angle ‘P,
and wave vector angle ¢ for an arbitrary level flight leg.
These angles form relationships between aircraft measured
(/1“2 and actual (A) horizontal wavelengths, and between the
wind velocity (I(/ with its component across the wave
fronts (ﬁ) These afe used in defining the intrinsic frequency
(Cadet and Tietelbaum, 1979),

D=w-kei
where  is the wave frequency with respect to Earth. For sta-

tionary waves (@ = 0), replacing the right-hand side with mea-
sured quantities yields,

2T 7 coslp - @)
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Since the equation has two unknowns (@ and ¢) , it is neces-
sary to sample the same wave packet, at nearly the same time,

o=
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Figure 3. Temperature (T) and zonal wind (u) from the MMS
and the isentropic profile from the MTP during the first south-
bound pass (a and b) and the third pass (¢ and d) through the
960430 mountain wave event. Cool (warm) displacements of
isentropes are indicated by blue (red) lines. The DC-8 flight
tracks (heavy dotted lines) are outlined on the isentropic
profiles (b and d).
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Figure 4. Topographic contour map (250 m contour interval)
covering a portion of Colorado where the 960502 wave cloud
encounter occurred. The DC-8 flight path is outlined in black.

location, and altitude at two distinct (non-parallel) track an-
gles. It is assumed that the waves share a common orientation
within a field of horizontally homogeneous winds. While hy-
drostatic waves generated by an isolated peak have exhibited
parabolic phase surfaces (Smith, 1980), we contend that waves
generated by a long ridge will be approximately planar.
Equations for the two flight tracks are given by,

Ayycos{p—y Yo + 271:-J7' +7° cos(p-a)=0
A cOS(@ - W, ) + w7+ 7 cos(p-a)=0

Combining the equations and eliminating the common term,
we solved for ¢ with a Newton-Raphson root finder. This
solution is then applied to determine the intrinsic frequency
using data from either track. Once wave orientation is known,
wavelength and propagation characteristics can be deduced.
We study only medium to large waves causing T fluctuations
greater than = 0.5 K. Depending on specific waves sampled,
the minimum wavelength may vary from 5 to 25 km.

960502 Eastbound #2

=

T t T T
~1078 1040 «l030

Longitude (deg E)

Longitude (deg E)

Figure 5. Temperature (T) and zonal wind (u) from the MMS
and the isentropic profile from the MTP during the first (a and
b) and the second (¢ and d) eastbound passes through the
960502 mountain wave event. Isentropic displacements and
the DC-8 flight tracks are denoted as per Figure 3.
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3. Results

3A. 960430 Wave Encounter near Fort Sumner, New Mexico

With aircraft velocity at = 230 m 5!, the DC-8 was flown
into the wave region at 11 km from the northwest, passing
close to a ridge of mountains just east of Albuquerque, NM.
At this altitude, no waves were observed. The aircraft de-
scended to 8.5-8.8 km, and a number of passes (100 km) were
made on N-S and SW-NE headings 100 km downstream from
the major topographic features (Figure 2). Some flight legs
traversed wave clouds, while others showed little or no evi-~
dence of cloud formation.

Five tracks were chosen to study the wave dynamics: four
nearly coincident legs between 33.4°N, 105.2°W and 34.2°N,
104.4°W, and a fifth quasi-westward leg (45 km) along 34.2°N
between 104.4°W and 103.9°W. The coincident tracks were
oriented from SW through NE, = 30° off the meridian.

MMS data show considerable variability on a variety of
scales (Figures 3a and 3c). Peak-to-peak amplitudes are 5 m s/
for u and v, 3-4 m s/ for w (not plotted) and = 1-2 K for T.
Although T dips toward the end of the first southbound leg,
due to the effect of thermal stratification (Figure 3a), close
examination of u and T during two of the traverses show a per-
sistent pattern of positively correlated troughs and ridges.

Locations of MMS troughs and ridges (Figures 3a and 3c)
generally correspond to the 6-surface undulations observed
by the MTP (Figures 3b and 3d). The DC-8 flew through the
waves between the 328 K and 330 X isentropes on both legs,
where the peak-to-peak undulation amplitude was 400-500 m.
Some undulations show diminishing amplitude with height.
The phase surfaces are very steep, suggesting the vertical
wavelength is at least as deep as the scale height (= 6.3 km).

During = 35 minutes between the first and third passes
through this wave region, the largest scale features in both
MMS and MTP data shift to the south by 0.1-0.2° latitude. If
the wave vector were parallel to the flight track, this would
correspond to a maximum phase speed of ~ 7 m s/, Since v
does not closely correlate with features seen in 7, the wave
vector is aligned quasi-zonally, As such, the waves are quasi-
stationary. The positive correlation between » and T, the cor-
responding features in MMS and MTP data, and the small
phase speed are all indicative of orographic waves.

Using both MMS and MTP data, we solve for the wave
orientation angle and intrinsic frequency. Background condi-
tions and results are summarized in Table 1. The wave phase
planes are aligned only 11° off the direction of the flight
tracks, reducing the phase speed to only 1.3 m s7/. Based on
wave characteristics, air will flow through the standing waves

Table 1  The 960430 Mountain Wave Encounter

Input Parameter Result from Wave Equations

w(ms!) 20.0
v (m s -8.0
1, (km) 50.0
A,, (km) 9.5
v, (deg) 30.0
v, (deg) 96.5
@ (deg) 109.0
A (km) 9.3
k;l (C) 0.0146
s 0.010
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Table 2  The 960502 Mountain Wave Encounter
Input Parameter Result* Result*
Zj (km) 11.8 11.2
w(mst) 42.0 38.0
7(msD -4.0 2.0
A, (km) 363 £ 4.3 37.5+43
A,, (km) 562+23 43.0£3.5
v, (deg) 100.0 100.0
v, (deg) 19.0 19.0
@ (deg) 73.6 £5.0 64.1 6.5
A (km) 32525 304+ 1.0

0.00756 £ 0.001 0.00689+0.0007

| s
* Wave equations are solved for each flight altitude
because of differences in the mean wind.

at 21.5 m s/, and pass from trough to crest in 215 s/,
Combining a temperature departure from equilibrium of ~ 0.8
K with the lapse rate ' = 6.3 K km/, (MTP data; N = 0.012 s-/)
yields a vertical displacement from equilibrium of 230 m. If
the vertical velocity is sinusoidal, it yields wpax = 3.0 m 57,
These waves meet the decay criterion (cb >N ) which serves to
explain why they could not be sampled on the inbound and
outbound flight legs in this region.

3B. 960502 Wave Encounter over the Colorado Rockies

On 960502, the DC-8 flew a series of W-E and SSW-NNE
flight tracks, intersecting above Denver, CO (Figure 4), nearly
parallel and perpendicular to the prevailing wind. Two west-
bound and two eastbound tracks were coincident, extending
across several sets of ridges in clear air (= 200 km) westward
from Denver (39.7°N, 105.2°W) to upstream of Flat Tops
Wilderness (40.0°N, 107.5°W). Two northbound and three
southbound tracks (90 km) were coincident but downstream of
the mountains, overflying the plains in wave clouds north of
Denver to Greeley and Fort Collins (40.5°N, 104.9°W). The
last pair of flight tracks (after 74,500 s UT) were at 11.2 km,
whereas the earlier passes were at 11.8 km. MMS winds
(Figures 5a and 5c) and MTP static stability data (Figures 5b
and 5d) were greater on the upper flight tracks. The tropo-
pause was located near or below the 11.2 km level.

Waves were evident in the MMS data along all legs. As
many as six peaks and valleys are observed in » and T data as
the DC-8 flew cross-mountain tracks, corresponding to the
vertical displacement pattern of the MTP isentropes. Positions
of the major features show little or no movement with time.

Along higher flight tracks, u and T show an in-phase rela-
tionship (Figure 5a), while on lower flight tracks, » and T are
in quadrature phase (Figure 5c). Below both flight tracks,
MTP data show wave-growth and slight upstream wave-tilt
with height between 6= 322 K and @ = 326 K. Oscillations in
T aligh with features in the 8-contours. Over the foothills
west of Denver, 6-displacements at the 9-10 km level exceeded
2 km (where N = 0.004 s/, not plotted). Vertical displacement
of the B-contours at flight level is generally 300-600 m.

Wave equations were solved for a commion set of flight
track orientations, but with different wind velocities for each
altitude. Background inputs included data from multiple par-
allel tracks averaged over time; inputs and results are summa-
rized in Table 2. At both altitudes, the derived wave has a
length of 30-32 km oriented = 70° from north. Given the wind
direction as stated, it will take 425 s for air to pass through
the wave from trough to crest. Using N=0.016 s/ (F'=43 K
km-!)) and T' = 0.6 K (measured westward from the crest of the
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Figure 6. Vertical wind (mean removed) for a northbound
flight leg to the lee of the Rockies.

Rockies) yields a vertical displacement of ~ 110 m from equi-
librium and wiax = 0.7 m s/, The intrinsic frequency indi-
cates an upward propagating wave. This is consistent with the
observed u-T phase relationship only for a very deep wave, as
indicated by the steep slope of the phase planes.

This particular wave, however, underestimates the updraft
velocity measured on N-S flight legs (Figure 6). The dip in T
at the east end of the longitudinal tracks, as well as the down-
ward sag in 8(z) cross-sections below the flight tracks, sug-
gest the presence of a longer wave. A broad peak in T occurs at
105.8°W, with a corresponding trough at about 107.0°W. The
presence of warm air above high peaks suggests the presence
of a second wave formed by the mountain ranges as a whole.
The phase reversal at flight altitudes suggests that the vertical
wavelength is nearly twice the tropopause height.

The wavelength was estimated to be 170 km. With AT =
1.2 X, it yields a vertical displacement from the steady state of
220 m , comparable to the total displacement observed by the
MTP. At 40 m s/, = 2100 s are required for air to pass from
trough to crest, yielding wmax = 0.3 m 57/ and a total updraft
of 1.0 m s”/. This reflects the observed w more accurately.

4., Conclusion

Dominant features of the 960430 and 960502 mountain
waves have been deduced from the MMS (T, u, v, w) and MTP
(isentropic and stability profile) observations. Data from one
instrument are consistent with the other in terms of character-
izing the nature of encountered waves. Using linear theory,
flight-track geometry and MMS/MTP measurements, the in-
trinsic frequency and orientation of each dominant wave were
deduced. Wavelength, air-parcel transit time, and propagation
characteristics were also determined. Waves over New Mexico
were found to be decaying, while waves over Colorado were
formed by at least two superimposed propagating waves.
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The 960430 wave over New Mexico was shorter in length
(9.3 km) than those over the Colorado Rockies and plains on
960502 (30-32 km and = 170 km). Despite larger size and
stronger T, the updraft in the Colorado wave was less than half
of that in the New Mexico wave. Larger mountain waves may
have weaker updrafts, but the integrated effect over time can
produce larger displacement of air parcels. Smaller mountain
waves may cause fast (< 60 s) nucleation and growth of ice
crystals to an equilibrium concentration and size distribution.
In both wave encounters, the T signal in MMS data, combined
with the background static stability, yield vertical displace-
ments consistent with those from the MTP isentropes.

To study the nucleation and growth of ice crystals in
cirrus clouds, it may be useful to characterize these processes
within larger orographic waves such as the one observed on -
960502. There may be regions near the tropopause, upstream
of mountain ranges, where large-scale waves with gentle verti-
cal motions propagate into an advecting field of highly moist
dir. Such areas may be devoid of the smaller waves and their
associated strong vertical motion field. As such, ice nucle-
ation and growth processes may resemble that which take
place in cirrus clouds, taking place in an environment which
can be readily characterized.
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